INTRODUCTION
Coherent transients in optically excited molecular systems have been in the focus of interest in theoretical as well as experimental work for several years. While earlier investigations of coherent transients concentrated on smaller molecular systems, as for the dephasing times in larger molecular systems are very short, with recent progress in ultrashort laser pulse techniques it is possible to extend the investigations f coherent transients to large molecular systems, too. Among these investigations there were observations of quantum beats as one form of such phenomena (s., e.g.). 1'2'3 In principle, there are two classes of systems, which are expected to show oscillating behaviour in transient optical experiments:
1. systems with two electronic levels (ground and excited), one of them or both showing a level split off due to vibrational degrees of freedom (see, e.g. 4 and references therein). Theoretically they can be modelled by three-level systems of the so-called A-type (lower electronic level split off) or V-type (upper electronic level split off) (see, e.g.,). 5'6'7 Another possibility to model vibrational degrees of freedom is by describing the interference of nuclear wave packets in the wave packet picture [3, 4, 8, 9] . This type of system configuration is not dealt with in the present paper. systems, which show two excited electronic states, with almost equal transition frequencies between the ground and the first excited and the first and the second excited states. Of this kind are large molecular systems with extended n-electron systems, and excitations of the excitonic type, for instance polydiacetylenes (PDA) [10] , fullerenes [11, 12] , and molecular aggregates, such as J-aggregates [13, 14, 15, 16] and the light harvesting complex of chlorophyll [17] . (It is noteworthy, that in the reaction center of the photosynthesis vibrational sublevels are present, so this is an example, where both the features of the class 1 and class 2 systems are present at once). These are the same systems, for which exciton-exciton-annihilation processes are effective as deexciting processes at high excitation densities and compete with the saturation effect [18, 19] . On the other hand, in the last few years, this kind of materials was found to be suitable organic compounds for nonlinear optical (NLO) applications (s. [20, 21, 22, 23-] and references therein), because they have large values of the third-order nonlinear susceptibility ((3)),
In this paper we will deal with a theoretical model for coherent transients in systems of the second type. In former investigations, coherent transients were considered in the framework of a two-level approximation ([24] ) (recently extended to a threelevel description to interpret modifications of the pump-probe signal involving twophoton resonance [25] .) A calculation of quantum beats in pump-probe signals was performed explicitly by A. Yasuda and T. Kobayashi in [10] using the parameters of PDA as the model system. In that paper a continuous wave was used for probing, and the initial preparation was described by the simplification, that all electrons initially are in the first excited level and no polarization is assumed initially. On the other hand coherent oscillations with their characteristic time constants of some hundreds of femtosecond could be a very efficient tool for ultrafast alloptical switching in the femtosecond region. Therefore, in the present paper, we discuss the quantum beats created by a superposition of several electronic excited (e.g. exciton) states in molecular systems. We use a three-level model for description of the molecular system, and we describe the preparation of the system by an initial strong ultrashort pump pulse explicitly. The change of the optical density after driving the prepared system by an ultrashort (fs to ps) driving pulse then is tested with a fs probe pulse. As an example for our model calculations in this paper we investigate pseudoisocyanine (PIC)-J-aggregates, which have been proven to be promising third-order NLO-materials, too [26, 27] , but the provided model is general for all systems belonging to the second class of materials (see above).
Characteristic features of J-aggregates are a sharp peak in the absorption spectrum, the so called J-band, which is much narrower than and red-shifted from the monomer band, and a strong resonance fluorescence.
The numerical investigations are carried out for PIC-C1 J-aggregates, the parameters of which were taken from the literature [28, 29, 30, The interaction with the heat bath is described in relaxation approximation. The system is prepared by a strong ultrashort laser pulse resonantly coupled to the I1) 12) transition in some initial quantum state and then it is driven by a strong laser pulse that is assumed to be tuned near resonance. The evolution of the system during and after driving is then tested by a weak ultrashort probe pulse of the same frequency as the driving pulse (sequential pump-probe spectroscopy). There are considered the following processes: stimulated emission and absorption induced by the driving field longitudinal relaxation from the levels 13) and 12) to the ground state (relaxation constants k31 and k21 ). phase relaxation (relaxation constants F12,F13, F23 ).
The Hamiltonian of the system is assumed as follows (semiclassical approach, rotating wave approximation): E a,ive(t)= (t) + {c. c.} =((t) e i't + 6*(t) e -i't) (2.5) is the driving field, (t) describes the pulse shape, and dij are the transition dipole moments.
The equation of motion of the density operator of the atomic system in relaxation approximation then is (fi)dyn + (fi)re,, (2.6) the dynamic part being After introducing the density matrix elements according to (2.7) p li) (jl (2.8) i,j we obtain in relaxation approximation with the above mentioned relaxation constants being nonzero the following system of differential equations:
The second pulse is a strong external driving pulse that is applied just after pumping and the duration of which, tdrive, can be varied from about 100 fs to some ps. The dynamical evolution of the system under the influence of this pulse is described by equations (2.9-2.15).
The third pulse (probe pulse) is to probe the state of the driven system by measuring its transmission in dependence on the delay time between the third and the second pulse. Therefore it has to be as short as possible and should be much weaker than the driving pulse for the neglect of its influence on the system evolution.
The quantity to be measured is the change of the energy of the transmitted probe pulse, W=-Eprob(t, to) (t)dt, (2.20) where Eprob is the electric field of the probe pulse. It is defined in analog to the driving field (2.5) More generally, the preparation of the state of the system can be modelled by describing the action of a pump pulse of finite time duration on the three-level system initially being in the ground state I1). If the pump pulse is assumed to be ultrashort (up to several hundreds of femtoseconds of duration) the relaxation processes during its action can be neglected, and it is possible to describe the system by the probability amplitudes ai of the states li). The Finally, with respect to possible generalizations of our model to other molecular systems as an alternative we consider the following description of the pump process (see modified three-level scheme). The three-level system is assumed to be coupled to another two-level system by a (fast) transfer process from the excited level of the two-level system le), to the second level of the three-level system, 12). Therefore is considered to have a slightly higher energy than [2) . The pump pulse of frequency co' is in resonance with the co'= coeg transition Ig)--' le) from the two-level ground to the excited state. The modifications necessary compared with the model described above are as follows. Equation (2.10) has to be replaced by 2= kep-k,p + ifl'2(t)t3, -if, (t)t32,-if'a(t)t3 a + if2 a(t)t3a, (2.32) where ke2 is the transfer constant from le) to 12). The with an appropriate chosen "initial time of the free evolution" T, being the time at the end of the driving pulse. .4) i.e. the differential absorption signal is expected to be a superposition of damped oscillations with the frequencies 1 and 2 and amplitudes depending on the "initial values" 12 (T) and 2a (T). Now we will discuss some special cases for the parameters. The signal is shown in arbitrary units, set to zero for minimum delay time, and the maximum absolute value is normalized to unity. Fig. 7 In fig. 8 fig. 8 . This results in a change of the sign of the differential absorption at zero delay. Fig. 10 is an example for a longer driving time, tdriv 4ps. The amplitude modulations are much less pronounced. Our calculations show, that this is due to a breakdown of t512 as a result of stimulated emission processes during the longer pulse, and therefore after the driving it holds 1/231 >> I121, and one oscillation component in (3.4) contributes much more to the signal than the other one. This is even more pronounced in the case of the initial conditions (2.24). As can be seen by comparison of fig. 11 and fig. 12 , for ps driving pulses then the amplitude modulations are no longer observable at all.
In fig. 13 emission with nearly equal frequencies. The observability of quantum beats is sensitive to the initial state the molecular system is prepared in previous to the driving and to the duration of the driving pulse. The 
